The large size and complex organization of eukaryotic cells necessitates active, directional transport for the efficient and accurate relocalization of cellular components. To carry out this transport, eukaryotic cells use motor proteins that walk along cytoskeletal tracks. There are three classes of cytoskeletal motor proteins: myosins, kinesins and dyneins. Myosins move along actin filaments, and kinesins and dyneins move along micro tubules. Kinesins (with the exception of kinesin 14 family members) move towards microtubule plus ends, which in most cells generally extend towards the cell periphery. All dyneins discovered to date move towards the microtubule minus ends, which in most cells are collected into the microtubule organizing centre (MTOC) near the nucleus.
Many families of myosins and kinesins have evolved to execute different functions. These cytoskeletal motors are composed of a highly conserved myosin or kinesin ATPase core, which powers movement along cytoskeletal filaments, that is attached to a wide range of tail domains, which mediate cargo interactions both directly and by recruiting specific accessory proteins. Many genes encoding dynein heavy chains have been identified (>15 in most species). However, most of these encode proteins that are anchored within the axoneme, where they help to drive coordinated beating of cilia and flagella. Only two of these proteins -intraflagellar transport (IFT) dynein (also known as dynein 1B and dynein 2) and cytoplasmic dynein -transport cargos along microtubules. As IFT dynein functions exclusively to move cargos along the axoneme towards the cell body, all minus end-directed transport within the cytoplasm (transport of organelles, mRNA and proteins), as well as several mitotic functions 1 , are carried out by a single cytoplasmic dynein. Given the ease of gene duplication, this is surprising and suggests an evolutionary advantage of using a single motor for minus end-directed transport. It is interesting to note that higher plants seem to lack a cytoplasmic dynein, but instead have an expanded array of minus end-directed kinesins 2 . The hugely diverse functional repertoire of cytoplasmic dynein raises important questions about its function in the cell. How is it coupled to such a wide range of cargos and how is its activity spatially and temporally regulated in cells? The dynein motor exists within a large assembly of smaller, non-catalytic subunits, which provide points of attachment and regulation for some dynein cargos
. Dynein interacts with several proteins that do not belong to the dynein complex itself but are crucial for adapting the motor to its cellular function. The best characterized of these are dynactin, the complex formed between lissencephaly 1 (LIs1) and nuclear distribution protein E (NUDE; also known as NDE) or LIs1 and NUDE-like (NUDEL; also known as NDEL), Bicaudal D, ROD-ZW10-Zwilch (RZZ) and spindly . These factors contribute to many dynein functions and, in the cases of dynactin and LIs1, their inhibition or depletion is phenotypically similar to a complete loss of dynein function. The requirement for these dynein adaptors, each of which is crucial for many overlapping processes, is intriguing. In this Review we discuss what is known about the structure and cellular functions of these adaptors and describe models of how they might couple dynein to its cellular activities. A large family of ATPases, the functions of which are diverse, with many involved in the conformational remodelling of other proteins and complexes. AAA+ ATPases contain one or two characteristic ATP-binding domains, with additional function-specific domains. These AAA modules usually function as hexameric rings.
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Cytoplasmic dynein structure and function
The cytoplasmic dynein complex is composed of a heavy chain, an ATPase, which powers motility along microtubules, and several non-catalytic subunits. The cytoplasmic dynein heavy chain is a member of the ATPase associated with various cellular activities (AAA+ATPase) superfamily 3 , the members of which mostly function as chaperones or protein unfoldases. Although most AAA+ ATPases self-assemble into and function as hexameric rings, dynein is unusual in that its six AAA modules are linked in a single polypeptide and are not identical. These AAA domains, along with a coiled coil extension containing the microtubule-binding domain, form the carboxy-terminal head domain of dynein
.
The amino-terminal tail of the cytoplasmic dynein heavy chain is involved in its homodimerization and acts as a scaffold for the assembly of five different non-catalytic subunits (possibly fewer in some fungi) to form the cytoplasmic dynein complex
. These subunits are not required for dynein motility in vitro, although they might regulate dynein motility in vivo. Recent data indicate that the non-catalytic subunits link dynein to cargos and to several adaptor proteins that regulate dynein function [4] [5] [6] [7] [8] 
. In many species, the non-catalytic subunits (unlike the cytoplasmic dynein heavy chain) exist in different isoforms encoded by multiple genes. Different isoforms might assemble on the dynein heavy chain to create functionally distinct dynein complexes 9 . Dynein is a processive motor that can take μm-scale movements along the microtubule without dissociating 10, 11 . Processive motion requires the dimerization of two dynein head domains, although the endogenous dimerization domain is not required for this process 12 . High spatial precision tracking studies of single dynein motors suggest that dynein moves by alternating steps of the dynein heads, a conceptually similar mechanism to the hand-over-hand model for processive kinesin motility 12 . This model implies coordination between the two heads, such that one remains bound while the other one moves forward. Optical trap studies of dynein force production suggest that this coordination is carried out by strain transmitted through the linkage between the two heads 13 . The stepping behaviour of dynein along the microtubule is more variable than that of kinesin, which takes invariant 8 nm-long steps towards the micro tubule plus end. Dynein predominantly takes 8 nm-long steps toward the minus end, but occasionally takes steps of up to 32 nm, or takes one or a few steps backwards towards the plus end 11, 12, 14 . Dynein also often takes steps sideways to an adjacent protofilament 12 , which kinesin rarely does. Although it is difficult to directly observe dynein motility in vivo, indirect observations have also indicated variability in stepping behaviour during physiological dynein transport 15, 16 . The variable length and sideways stepping of dynein could allow it to more easily pass obstacles on the micro tubule, but whether the stepping behaviour of dynein is in fact modulated in response to its surroundings has not yet been tested 17, 18 . To understand how dynein responds to loads encountered during in vivo transport through a dense cytoplasm, it will be important to ascertain its true capacity for force generation. The amount of force that dynein can produce is under debate. some studies have measured a stall force (~7 pN) similar to that observed for kinesin 14, 19 , whereas others have found that dynein is much weaker, stalling at approximately 1 pN 11 . It is possible that the maximal force of cytoplasmic dynein differs between species, being tuned to serve distinct transport needs. Optical trap experiments have also indicated that the stepping behaviour of dynein is responsive to load. Increasing the load experienced by dynein increases the proportion of smaller steps and backwards steps 11, 14 . It is also important to note that although observations of single dynein motors will continue to be essential to uncover the mechanism of
Box 1 | Composition and domain structure of cytoplasmic dynein
The cytoplasmic dynein heavy chain (blue) consists of a carboxy-terminal motor (head) domain and an amino-terminal tail domain (see the figure) . The motor domain contains six AAA domains arranged in a ring: the first four AAA domains (1) (2) (3) (4) can bind ATP, whereas domains 5 and 6 are more divergent and have lost the residues that are necessary for binding ATP 3 .
Mutagenesis studies indicate that ATP hydrolysis by AAA1 and AAA3 is important for motility, whereas ATP hydrolysis by AAA2 and AAA4 is less essential and might have a regulatory role [132] [133] [134] . The microtubulebinding domain of dynein is a small, globular domain at the tip of an antiparallel coiled coil that emerges from the ring after AAA4 (refs 135,136) . Recent structural and biochemical studies suggest that a shift in the registry of this coiled coil couples ATPase cycles to rounds of microtubule binding and release [137] [138] [139] . The mechanical element of dynein might be the 'linker' between the motor domain and tail of dynein; this element shifts its position across the AAA ring during the ATPase cycle 136, 140 . The dynein tail domain mediates homodimerization of the heavy chain and also provides a scaffold for five non-catalytic subunits, which assemble as dimers to form the complement of the cytoplasmic dynein complex. The dynein intermediate chain (IC) and light intermediate chain (LIC) bind directly to the dynein heavy chain. The smaller light chains -light chain 8 (LC8), LC7 (also known as roadblock) and T-complex testis-specific protein 1 (TCTex1) -assemble on the intermediate chain. The light chains mediate interactions with several dynein adaptor proteins (shown in blue boxes): the p150 subunit of dynactin and the ZW10 subunit of Rod-ZW10-Zwilch (RZZ) interact with IC, whereas nuclear distribution protein e (NUDe; also know as NDe), NUDe-like (NUDeL; also known as NDeL) and Bicaudal D (through its partner egalitarian) bind to LC8. Lissencephaly (LIs1) interacts directly with AAA1 of the dynein heavy chain 4, 73, 104, 124, 141, 142 . Nature Reviews | Molecular Cell Biology 
Coiled coil
A common structural motif in proteins, consisting of two or more α-helices that twist around each other and bury hydrophobic residues in the interface and form an overall rod-like structure.
Optical trap
An instrument that uses a focused laser beam to hold, move and monitor the position of microscopic dielectric objects. Optical traps can be used to measure the force production and nanoscale movements of molecular motors that have been conjugated to dielectric objects such as latex beads.
Protofilament
The end-to-end arrangement of tubulin dimers along the long axis of microtubules. Microtubules most commonly are composed of thirteen protofilaments.
dynein motility, most dynein cargos in cells probably are powered by several dynein motors at a time, and the emergent properties of a multimotor system could differ markedly from those of single motors [20] [21] [22] .
Dynactin: an essential dynein adaptor Dynactin (name derived from dynein activator) was identified as an activator of dynein-mediated, minus end-directed vesicle transport in vitro 23, 24 . The dynactin complex has a molecular mass of 1 mDa, nearly as high as that of cytoplasmic dynein itself, and comprises 11 different subunits
, including the largest subunit, p150, and a filament of actin-related protein 1 (ARP1). It has been found to be essential for nearly every cellular function of cytoplasmic dynein 1, 25 . Dynactin helps to target dynein to specific cellular locations, links dynein to cargos and increases dynein processivity, although a comprehensive model of how these activities are integrated has yet to emerge.
Targeting dynein to microtubule plus ends. Although dynein is a minus end-directed motor, it often accumulates at the plus ends of microtubules, and dynactin has been shown to modulate this localization. The association of dynein with the microtubule plus end, which has been best characterized in yeast, has been implicated in delivering dynein to sites where it is needed for transport (fIG. 1) .
During Saccharomyces cerevisiae cell division, dynein binds to the bud cell cortex and pulls the nucleus into the bud neck by translocating astral microtubules relative to the bud cell cortex. This ensures that both the mother and daughter cells receive a nucleus 26, 27 . Dynein first appears at the plus ends of astral microtubules and then at the bud cell cortex, suggesting that dynein is loaded onto the plus end of a growing microtubule and then transferred to its receptor, the cortically localized nuclear migration 1 (NUM1) 8, 27 . Dynactin is not required for dynein plus end localization in this system, but seems to be important for its transfer from the microtubule plus end to the cortex. Deletion or mutation of many dynactin subunits causes dynein to accumulate at astral microtubule plus ends and abolishes its localization to the bud cell cortex [28] [29] [30] . In the filamentous fungus Aspergillus nidulans dynein and dynactin are required for proper nuclear positioning during growth of hyphae, perhaps through a similar process as in S. cerevisiae, although dynein localization to the cell cortex has not been observed. In this system, however, dynein and dynactin depend on each other for local ization to the plus ends of the microtubules that extend into the hyphae [31] [32] [33] [34] [35] . Whether dynactin also functions with dynein after transport is initiated is unknown.
Biochemical and structural studies of metazoan proteins have delineated a web of interactions between the dynactin subunit p150 and microtubule plus end-binding proteins. The cytoskeleton-associated protein Gly-rich (CAP-Gly) domain of p150 (BOX 2) can bind a shared C-terminal acidic motif in α-tubulin and the plus endbinding proteins end binding 1 (EB1; also known as MAPRE1) and CAP-Gly domain-containing linker protein 170 (CLIP170; also known as CLIP1) [36] [37] [38] [39] (fIG. 1) . The complexity of the interactions between these proteins has made it difficult to determine their exact hierarchy in plus end binding, and it is likely that these interactions are remodelled dynamically in response to the polymer ization state of the microtubule and in response to dynein-dynactin cargo binding 40, 41 . The role of microtubule plus end localization in the function of dynein and dynactin is less clear in metazoans than in fungi, although some evidence suggests that it might be important for cargo loading and initiation of transport. p150 labelled with green fluorescent protein (GFP) localizes to microtubule plus ends immediately before the initiation of minus end-directed movement of Golgi vesicles 42, 43 . In addition, a mutation in the CAP-Gly domain of p150 that disrupts microtubule binding is linked to human motor neuron disease. This mutation also affects the positioning of a subset of dynein cargos and the plus end localization of EB1 under some conditions [44] [45] [46] [47] . However, other data suggest that microtubule plus end targeting by dynactin might not be required for initiating all dynein transport. Notably, p150 mutants that lack the CAP-Gly domain, one of which is a natural isoform in neurons, can support organelle transport in HeLa cells and Drosophila melanogaster s2 cells [48] [49] [50] . A recent study showed that plus end accumulation of CLIP170, but not of p150, is required for dynein-driven pigment granule transport Box 2 | Composition and domain structure of the dynactin complex A short (~40 nm) filament of actin-related protein 1 (ARP1) forms the central scaffold of the dynactin complex and may help to link dynein to cargo through its interaction with spectrin, which coats the cytoplasmic face of several organelles 52, 143 . The subcomplex at the pointed end of the ARP1 filament (yellow) contains ARP11, p62, which might mediate the interaction of dynactin with cortical actin, and two more subunits, p25 and p27 (refs 58,144-148) . The barbed end subcomplex is composed of a dimer of p150 (also known as p150 Glued , from the Drosophila melanogaster allele), a tetramer of p50 (also known as dynamitin because its overexpression dissociates dynactin into several subcomplexes), the p24 subunit and the actin-capping protein heterodimer (shown in red; dynactin may lack capping protein in some organisms) 23, 144, 145, 148, 149 . p50 interacts with two other dynein adaptors, Bicaudal D and the Rod-ZW10-Zwilch (RZZ) complex 105, 127, 150 .
The most amino-terminal coiled coil (CC1) of p150 forms the 24 nm sidearm from the ARP1 filament. p150 contains N-terminal microtubule-binding domains, a cytoskeletonassociated protein Gly-rich (CAP-Gly) domain and a basic region (indicated in red) that probably form the globular domain observed at the end of the sidearm 144, 151 . The CAP-Gly domain also binds to the microtubule plus end-associated proteins end binding 1 (eB1; also known as MAPRe1) and CAP-Gly domain-containing linker protein 170 (CLIP170; also known as CLIP1). p150 provides the only documented interaction between dynactin and dynein (through the dynein intermediate chain) 4, 60, 152 , and also interacts with kinesin 2 and kinesin 5 (refs 4,5,60,152) . The structural arrangement of subunits in the barbed and pointed end subcomplexes have not been resolved 148 and are outlined for display purposes only. Interacting proteins are shown in blue boxes. 
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Hypha
The branching filament that is the main mode of vegetative growth for filamentous fungi. During hyphal growth, hyphae elongate from their tips and position newly formed nuclei along the length of the new growth.
Cytoskeleton-associated protein Gly-rich (Cap-Gly). A domain found in several microtubule-associated proteins, which binds the eeY/f motif found at the carboxyl terminus of α-tubulin and several microtubule plus end-associated proteins.
GTPase-activating protein
A protein that stimulates the intrinsic activity of a GTPase to hydrolyse GTP to GDP.
in Xaenopus laevis melanophores 51 . These findings indicate either that dynein uses an alternative route to the microtubule plus end, possibly through an inter action between LIs1 and CLIP170 (fIG. 1a) , or that dynein can be recruited to cargo from the cytosol, and interactions between plus end-bound CLIP170 and cargo then target the microtubule to cargo-bound dynein.
Linking dynein to cargo. Many studies indicate that dynactin helps to link dynein to its cargo. A well-characterized and possibly generally important interaction occurs between the ARP1 filament of dynactin and βIII spectrin, a filamentous protein that is found on the cytosolic surface of the Golgi and other cellular membranes 52 (fIG. 1b) .
The motility of synthetic liposomes can be reconstituted in vitro using partially purified dynein-dynactin and βIII spectrin, suggesting that the ARP1-βIII spectrin interaction is sufficient to form a productive dyneincargo link 53 . The spectrin family is large, and different isoforms are associated with various membranes in the cell 54 .
Binding of ARP1 to other spectrin isoforms might therefore facilitate dynein-dependent transport of different cargos, although this has yet to be shown.
The p150 subunit also links dynein to cargos, notably through interactions of p150 with regulatory GTPases. One such interaction occurs between the C terminus of p150 (p150-C) and the sAR1 GTPase-activating protein sEC23, which assembles as part of the CopII coat on transport vesicles budding from the endoplasmic reticulum (ER) 43 . This interaction seems to be important for trafficking, as overexpression of p150-C strongly inhibits the delivery of secretory proteins from the ER to the Golgi. The interaction between p150-C and sEC23 is weak, and sEC23 dissociates from vesicles soon after they bud, suggesting that p150-C-sEC23 might exclusively initiate the binding to dynein to vesicles, which is then maintained by another, more stable link during dynein-mediated transport from the ER to the Golgi 43 . A similar set of interactions with GTPase-interacting proteins facilitates dynein-dependent transport of late endosomes. p150-C interacts with Rab-interacting lysosomal protein (RILP), a RAB7 GTPase effector that is found on late endosomes. This interaction is required for the localization of p150 to late endosomes and their subsequent transport by dynein. βIII spectrin is not required for the localization of dynactin to late endosomes, but is important for their transport. These data suggest that RILP could initially recruit dynein and dynactin to late endosomes and that subsequent interactions between dynactin and βIII spectrin is required for long-range transport of vesicles 55 . RILP also promotes the interaction of RAB7 with another of its effectors, oxysterolbinding protein-related protein 1 (ORP1L; also known as OsBPL11), which controls p150 recruitment to RILP in response to the cholesterol content of the endosomal membrane 55, 56 . Interestingly, addition of p150-C released dynactin from membranes isolated from Neurospora crassa in a biochemical assay, suggesting that when p150-C is not bound to cargo proteins it might block the interaction of LIS1) is probably recruited to the plus end by interacting with CLIP170. LIS1-nuclear distribution protein E (NudE) or LIS1-NudE-like (NudEL) and dynactin then target dynein to the plus end. The microtubule-binding domains of dynein might also contribute to its association with the microtubule plus ends . Solid arrows indicate biochemically confirmed physical interactions; the dotted arrow indicates an interaction shown by yeast two-hybrid assay. b | Following recruitment to microtubule plus ends by the interactions shown in part a, dynein can probe the cytoplasm for cargo such as an organelle or the cell cortex, although in some cases dynein might be recruited to cargo directly from the cytosol. Once dynein is loaded with cargo, LIS1-NudE or LIS1-NudEL and dynactin promote its release from the microtubule plus end and the initiation of motility through an as yet unknown mechanism. Cargo binding is achieved by the interaction of dynein with specific receptors, directly or through dynactin and the cargo linker Bicaudal d, and by the interaction of dynactin with spectrin, a filamentous protein that coats the cytoplasmic face of the Golgi and other cell membranes. These interactions might be required sequentially or in combination. dynein transports organelles and other cargos along microtubules, or can slide microtubules relative to its position when it is anchored at the cell cortex (lower right panel). It is not known whether LIS1-NudE and LIS1-NudEL contribute to this step.
CopII coat
A complex consisting of seC13, seC23, seC24 and seC31. This coat complex functions in anterograde transport from the endoplasmic reticulum to the Golgi.
GTPase effector
A protein that binds specifically to the GTP-bound conformation of a GTPase.
Kinetochore
A large multiprotein complex that assembles onto the centromere of the chromosome and links it to the microtubules of the mitotic spindle. The kinetochore is also a signalling centre for many of the proteins that control the progression of mitosis.
ARP1 with membranes 57, 58 . Together, these studies suggest a model in which a transient interaction of p150-C with a cargo protein such as RILP or sEC23 could relieve p150-mediated inhibition of ARP1-spectrin binding. A strong ARP1-spectrin interaction could then link dynein and dynactin to membranes for long-range transport of cargo (fIG. 1b) .
The p50 subunit of dynactin also seems to be a hub for interactions with dynein cargos. Both p50 and Golgiassociated RAB6 bind Bicaudal D, another dynein adaptor, suggesting possible models for the recruitment of dynein to cargo (discussed below). Overexpression of the conserved N-terminus of p50, which is not required for dynactin assembly, interferes with the distribution of secretory organelles 40 . The p50 N terminus is also involved in the recruitment of dynactin, and thus dynein, to the kinetochore (see below).
Coordination of bidirectional transport. Dynactin might also have a role in coordinating dynein and kinesin activity on membranes. Dynactin interacts with kinesin 5 (ref. 59) and kinesin 2 (refs 60,61) , two plus end-directed microtubule motors. For many cargos that are transported bidirectionally, interference with either the plus-or the minus end-directed motor completely disrupts motility in both directions, strongly suggesting a tight, interdependent link between dynein and kinesins. such coordination might involve dynactin 49 , probably in collaboration with other factors. Although nearly all cellular cargos are transported bidirectionally, little is known about how opposing motors are coordinated. Future work to delineate the contribution of dynactin to bidirectional transport could provide insight into this important issue.
Dynactin modulation of dynein processivity. Following its discovery as a factor required for the transport of vesicles by purified dynein, the first function proposed for dynactin was that of an activator of dynein motility 23, 24 . The identification of a CAP-Gly microtubule-binding domain at the N-terminus of the p150 subunit (BOX 2) led to the more specific hypothesis that dynactin might tether dynein to microtubules and prevent it from diffusing away after dynein detachment, thereby increasing the processivity of dynein 62 . Dynactin subsequently was observed to increase the processivity of dynein-adsorbed polystyrene beads along microtubules; this effect was abrogated by an antibody against the N-terminus of p150, supporting the hypothesis that dynactin acts as a tether between dynein and microtubules 63 . A later study identified a second microtubule-binding domain, a region of basic residues, in the N-terminal globular region of p150. This domain could diffuse along microtubules on its own and could also increase the processivity of dynein-adsorbed beads. This discovery further supported the model that dynactin increases the processivity of dynein by tethering it to microtubules, in this case by a diffusive interaction 64 . However, later studies showed that dynactin lacking the microtubule-binding domains of p150 supports a normal frequency, velocity and processivity of dynein-mediated vesicle transport in D. melanogaster s2 cells 49 and normal dynein function during nuclear segregation in S. cerevisiae 30 . Observations of single, fluor escently labelled motor complexes isolated from S. cerevisiae directly showed that dynactin enhances dynein processivity and that dynactin lacking the microtubul e-binding domains of p150 could still increase the run length of dynein in vitro 30 . These findings suggested that dynactin enhances dynein processivity by a mechanism other than tethering dynein to microtubules and that the N-terminal microtubule-binding domains of p150 are dispensable for many dynactin functions. Another study, however, described a subtle in vivo phenotype in S. cerevisiae lacking the p150 CAP-Gly domain, a decrease in the persistence and frequency of experimentally induced dynein-driven oscillations of the yeast nucleus, suggesting a possible defect in dynein motility under high load 65 . These findings indicate a role for dynactin in increasing dynein processivity, but further studies of dyneindynactin motility and force generation, as well as structural studies of the dynein-dynactin complex, will be important to clearly define the mechanism by which it acts.
LiS1, nuDE and nuDEL: ubiquitous cofactors LiS1 was first identified as a gene that is tightly linked to the human disease lissencephaly, which is characterized by disrupted neuronal mitoses and migration during brain development and severe malformation of the brain cortex 66, 67 . studies of nuclear migration in fungi identified homologues of LIs1 (Pac1 in S. cerevisiae, NudF in A. nidulans) and suggested a role for LIs1 as a dynein cofactor 31, 68, 69 . These studies also led to the identification of an important binding partner for LIs1 and its homologues, NudE in A. nidulans and later Ndl1 in S. cerevisiae. The closely related homologues NUDE and NUDEL were later identified in metazoans [70] [71] [72] [73] 
. studies in fungi and metazoans have shown that LIs1, NUDE and NUDEL are crucial to dynein function in nuclear and spindle positioning and in kinetochore activity, as well as in organelle and mRNA transport [74] [75] [76] . Organisms with loss-of-function mutations in LIs1, NUDE and NUDEL have similar phenotypes, and current data indicate that LIs1 probably acts in a complex with a NUDE homologue, although it is possible that they also have some distinct roles. Their broad involvement in dynein function suggests that LIs1 along with NUDE or NUDEL act as ubiquitous co-factors for dynein, although their mechanisms of action remain poorly understood.
Cellular functions of Lis1-NuDE and Lis1-NuDEL.
In fungi, the homologues of LIs1 and NUDE are required for dynein-mediated nuclear positioning, during which they modulate the association of dynein with micro tubule plus ends before nuclear transport. LIs1 and NUDE homologues localize with dynein to the plus ends of microtubules in both S. cerevisiae and A. nidulans 28, 34, 69, 77 . In S. cerevisiae, Pac1 and Ndl1 are required for dynein plus end localization; deletion of Pac1 or Ndl1 nearly abolishes dynein localization to the Nature Reviews | Molecular Cell Biology 
Centrosome
The principal microtubuleorganizing centre of animal cells, an organelle that contains the centrioles and that anchors the minus end of microtubules.
plus end and to the cortex of the bud cell 28, 69, 78 . The LIs1 or NUDE homologues in fungi have not been shown to bind microtubules themselves, but they might facilitate dynein plus end loading through LIs1 interaction with CLIP170 (refs 29,79,80) , or by inducing a conformational change in dynein (fIG. 1) . In A. nidulans, loss of NudF or NudE function increases dynein accumulation at the plus end of microtubules. This suggests that, instead of recruiting dynein to the microtubule plus ends (as they do in S. cerevisiae), in this case NudF and NudE promote the release of dynein from the plus end and motility towards the minus end 35, 81 . In both species, Ndl1 and NudE seem to function as activators of the LIs1 homologues, as overexpression of Pac1 and NudF suppresses the phenotype of loss-offunction alleles of Ndl1 and NudE, respectively. A recent study showed that a truncated form of S. cerevisae dynein containing only the head domain requires Pac1, but not Ndl1, to be recruited to astral microtubule tips, indicating that the dynein tail might inhibit Pac1 binding or activity, and that Ndl1 could relieve this inhibition 82 .
In metazoans LIs1, NUDE and NUDEL are essential for dynein-mediated positioning of the nucleus and the MTOC. LIs1, NUDE and dynein drive nuclear oscillations and properly position the spindle for asymmetric cell division in neural progenitor cells 71, [83] [84] [85] . In the resulting newborn neurons, dynein and LIs1-NUDEL drive the migration-coupled movements of the centrosome and the nucleus 67, 84, [86] [87] [88] . In migrating fibroblasts, dynein and LIs1-NUDEL are required to maintain the position of the MTOC during initial polar ization, as well as the alignment of the mitotic spindle with the substratum [89] [90] [91] [92] . The positioning of the nucleus, MTOC and spindle in metazoans, similarly to spindle positioning in S. cerevisiae, is at least partly dependent on cortically anchored dynein and LIs1-NUDE and LIs1-NUDEL are important for this localization 74, 92, 93 . However, the specific molecular interactions by which LIs1-NUDE and LIs1-NUDEL contribute to these processes in metazoans remain largely unknown.
LIs1-NUDE and LIs1-NUDEL are also essential for dynein function at the metazoan kinetochore (fIG. 2) , as discussed below. LIs1-NUDE and LIs1-NUDEL help to recruit dynein to kinetochores, possibly by interacting with the RZZ complex (fIG. 2b) ) but also through earlier binding of NUDE and NUDEL to the outer kinetochore protein centromere protein F (CENPF) [94] [95] [96] [97] 
Molecular basis of Lis1, NuDE and NuDEL function.
The complexes formed between LIs1 and NUDE or NUDEL are essential for many dynein functions, but the mechanism by which they contribute to dynein activity in the cell is unclear. Although the lack of LIs1, NUDE and NUDEL can affect the localization of dynein, no specific receptors for these proteins (with the notable exception of NUDE-and NUDEL-binding proteins at the kinetochore) are known.
Among the dynein adaptor proteins, one feature unique to LIs1 is that it binds directly to the dynein motor domain, specifically to the AAA1 ATPase subdomain that is crucial for dynein motility
. A recent in vivo study has also shown that localization of the dynein motor domain at the microtubule plus ends depends on LIs1, indicating a functional link between the two proteins 82 . Recent in vitro studies have provided evidence that LIs1 affects the ATPase activity of the dynein motor domain; however, one study reports a stimulating effect 98 , whereas the other reports an inhibitory effect that is relieved by NUDEL 99 . An interesting possibility is that LIs1-NUDE or LIs1-NUDEL might alter the conformation of the dynein motor. As dynein, LIs1-NUDE and LIs1-NUDEL are dimers, LIs1-NUDE or LIs1-NUDEL might crossbridge two AAA1 domains, bringing them closer together. Alternatively, LIs1-NUDE and LIs1-NUDEL have been reported to bind to the LC8 subunit of dynein (BOXes 1,3) ; if LIs1-NUDE or LIs1-NUDEL can bind LC8 and AAA1 simultaneously, it is possible that they join the motor and tail domains, creating a folded conformation. Although the current evidence indicates that LIs1-NUDE and LIs1-NUDEL probably regulate the ATPase function of the dynein motor domain, further work will be required Box 3 | Composition and domain structure of LiS1-nuDE and LiS1-nuDEL Lissencephaly 1 (LIs1) is composed of an amino-terminal coiled coil linked to seven WD40 repeats at the carboxyl terminus (see the figure) . The N-terminal coiled coil mediates the dimerization of LIs1, whereas the WD40 domain binds to the most N-terminal ATPase domain (AAA1) of the dynein heavy chain (see also BOX 1) and possibly to the dynein tail and the p50 subunit of dynactin 73, 141, 153, 154 . specific binding sites for nuclear distribution protein e (NUDe; also known as NDe) and NUDe-like (NUDeL; also known as NDeL) have not been identified in LIs1.
NUDe and NUDeL are highly homologous proteins that function with LIs1; fungi contain only one gene encoding NUDe, whereas metazoans contain both homologues, which have some distinct functions. NUDe and NUDeL are composed of an N-terminal parallel coiled coil, which mediates dimerization and LIs1 binding, and an unstructured C terminus 155 . The C terminus has been reported to interact with the AAA1 domain of dynein, light chain 8 (LC8) and the intermediate chain (IC) 70, 73, 142 . NUDe and NUDeL also bind the kinetochore protein centromere protein F (CeNPF) and to the kinetochore interactor ZW10, thus contributing to dynein kinetochore targeting [94] [95] [96] [97] . NUDe or NUDeL binding might stimulate LIs1 to bind and regulate dynein 84, 156 . This could be mediated by the phosphorylation of NUDe and NUDeL, which in metazoans strengthens their interaction with LIs1 and could thus stimulate LIs1 to bind dynein 72, 73, 156, 157 . Independently of dynein, LIs1 acts as a regulatory subunit for the platelet-activating factor acetylhydrolase (PAFAH) 158 and binds to PAFAH through its C terminus, which overlaps the dynein-binding site 154 . Bicaudal D: a specific metazoan adaptor Bicaudal D is another multi-purpose adaptor of dynein, but unlike dynactin, LIs1-NUDE and LIs1-NUDEL, it seems to be specific to metazoans. Bicaudal D was first identified in D. melanogaster through genetic screens for genes involved in embryogenesis and pattern formation 100, 101 . Bicaudal D and its highly similar mammalian homologues, Bicaudal D1 and Bicaudal D2, have been best characterized for their involvement in the dyneinmediated localization of mRNA throughout D. melano gaster oogenesis and development 76, [102] [103] [104] and in the transport of Golgi vesicles in mammalian cells [105] [106] [107] , although they also contribute to other dynein-mediated processes, including nuclear positioning, lipid droplet transport and microtubule organization 76, [108] [109] [110] [111] .
Bicaudal D and its homologues contribute to at least several of these dynein functions as an adaptor that links dynein to its cargos
Bicaudal D in mRNA transport. In D. melanogaster, Bicaudal D and its binding partner Egalitarian are required for the dynein-mediated transport of mRNA in the oocyte during oogenesis and for the asymmetric localization of many mRNAs throughout embryo development 76, 102, 103 . Egalitarian might serve as a dynein receptor on mRNA cargos, binding to mRNA localization sequences directly through its conserved exonuclease domain and binding to dynein through Bicaudal D 104, 112 
. In embryos overexpressing Bicaudal D or Egalitarian, transitions from plus end-directed to minus end-directed transport of individual mRNA transport particles were favoured, suggesting that Bicaudal D-Egalitarian might also activate the dynein motor 113 . Figure 2 | adaptor proteins couple dynein to multiple functions at the mitotic kinetochore. a | Interactions with several adaptor proteins (dynactin, the Rod-ZW10-Zwilch (RZZ) complex, Spindly, lissencephaly 1 (LIS1), nuclear distribution protein E (NudE) and NudE-like (NudEL)) link dynein to the kinetochore. RZZ, NudE and NudEL interact directly with kinetochore proteins and recruit the other adaptors to the kinetochore [94] [95] [96] [97] 150 . Some of these interactions could occur simultaneously, but others seem specific to a distinct mitotic stage. In particular, the RZZ-interacting phosphorylated epitope on the dynein complex is only present before chromosome alignment. The hierarchy of these interactions also varies between systems: dynactin is required for nearly all dynein recruitment, whereas LIS1 is only sometimes required 80, 114, 124, 162, 163 . Spindly is required for dynactin recruitment in human cells and Caenorhabditis elegans embryos, but not Drosophila melanogaster S2 cells 114, 118, 119, 123 . After chromosome alignment, connections between the kinetochore and the dynein machinery are broken (crossed arrows), and dynein begins transport of the spindle assembly checkpoint (SAC) proteins towards the spindle poles. Solid arrows represent known physical interactions, and dashed arrows represent interactions inferred from localization dependencies. b | dynein localizes to unattached kinetochores by interacting with LIS1-NudE or LIS1-NudEL and dynactin, and possibly through a direct interaction with the RZZ complex. dynein captures astral microtubules and transports chromosomes towards the spindle poles, promoting 'end-on' microtubule attachment and chromosome alignment. dynactin, LIS1-NudE, LIS1-NudEL and RZZ-Spindly are important for this process because they link dynein to the kinetochore and perhaps also regulate the motor activity of dynein. After chromosomes form bi-oriented microtubule attachments, dynein transports SAC proteins towards the spindle poles, which helps to silence the checkpoint and allow anaphase progression.
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Spindle assembly checkpoint
The mitotic signalling pathway that prevents chromosome separation until all kinetochores have formed microtubule attachments. The proteins involved in this pathway have to be localized at the kinetochore to ensure chromosome segregation, and their physical removal from attached kinetochores by dynein silences their signalling and allows chromosome separation to begin.
Bicaudal D in organelle transport. studies in mammalian tissue culture cells have suggested a role for Bicaudal D in dynein-mediated transport from the ER to the Golgi and within the Golgi 105, 106 . Overexpression of the putative dynein-interacting domain of Bicaudal D disperses the Golgi from its perinuclear position, indicating a disruption of dynein-mediated transport 105 . Overexpression of full-length Bicaudal D increases the localization of the dynein-dynactin complex to RAB6-positive vesicles and induces the tubulation of these vesicles towards the Golgi, suggesting a hyperactivation of dynein 106 . In this context, RAB6 probably functions as the membrane receptor for Bicaudal D 105 
Interestingly, this interaction is linked to the GTPase cycle of RAB6: GTP-bound RAB6 binds specifically to Bicaudal D in vitro and recruits it to the Golgi in cells, whereas expression of GDP-bound RAB6 leads to the dissociation of Bicaudal D from the Golgi.
How Bicaudal D homologues link dynein to cargo. The studies of Bicaudal D suggest that it serves as a modular link between dynein and cargo; the N-terminal coiled coil of Bicaudal D and its mammalian homologues interacts with dynein, whereas the C-terminal coiled coil binds cargo-specific factors. Two such factors, Egalitarian (for D. melanogaster Bicaudal D) and RAB6 (for mammalian Bicaudal D), have been identified, but perhaps more await discovery. Replacement of the mammalian Bicaudal D with mitochondrial or peroxisomal targeting sequences causes dynein recruitment and relocalization of these organelles near the MTOC (the direction of dynein-mediated transport) 107 , supporting the idea that the C-terminal coiled coil of Bicaudal D is an attachment point for dynein cargos.
The RZZ complex and Spindly
The RZZ complex in metazoans is composed of three conserved proteins: ROD, ZW10 and Zwilch. Together with another recently discovered metazoan protein, spindly 114 , RZZ docks dynein and other dynein adaptors to the kinetochore (fIG. 2) . ZW10 might also participate in dynein transport during interphase independently from the RZZ complex, whereas so far spindly seems to have a specific role as a dynein adaptor protein at the kinetochore.
Dynein function at the kinetochore. In prometaphase, kinetochore-bound dynein captures the sides of microtubules as they pass kinetochores, powering the rapid (~1 μm per second) movement of chromosomes along astral microtubules towards the spindle poles before they finally align at the metaphase plate 115, 116 . Later, these 'side-on' dynein-microtubule attachments are replaced by a stronger 'end-on' attachment of the microtubule tip to the kinetochore (through the KNL1-MIs12-NDC80 (KMN) complex), which is important for chromosome alignment and separation 117 (fIG. 2) . RZZ and spindly are required for dynein-based movements of kinetochores, probably by physically linking dynein and the kinetochore 115, 116 (fIG. 2b) . RZZ and spindly might also help to regulate the maturation of attachments between microtubules and the kinetochore 114, 118 . In Caenorhabditis elegans embryos, the chromosome alignment and segregation defects in sPDL-1 (the C. elegans spindly homologue) mutants are much more severe than in RZZ mutants 118, 119 . Interestingly, C. elegans embryos with a mutation in both RZZ and sPDL-1 have a milder defect similar to that caused by RZZ mutations alone 118 . The authors of this study proposed that the RZZ complex can inhibit the binding of the KMN complex to microtubules and that sPDL-1 relieves this inhibition in response to the resistance to microtubule trans location that dynein experiences when the microtubule contacts the kinetochore end-on. Although this model could explain the more severe phenotypes of sPDL-1 mutants and their suppression by mutation of RZZ, a mechanism for RZZ suppression of KMN activity and its relief by sPDL-1 has not yet been described.
Once a sister chromatid pair becomes bi-oriented, dynein transports the spindle assembly checkpoint (sAC) proteins mitotic arrest deficient-like protein 1 (MAD1), MAD2 and BUBR1, as well as RZZ and spindly, away from the kinetochores and towards the spindle poles, thereby silencing the sAC and allowing anaphase to begin [120] [121] [122] (fIG. 2a) . In addition to dynein, RZZ recruits sAC proteins to the kinetochore and might couple them to dynein for transport towards the spindle poles. spindly is also involved in the sAC, although the details vary between species. In C. elegans embryos sPDL-1 is required for the localization of sAC proteins to the kineto chore (through an interaction with MAD-1) and their subsequent removal by dynein 118, 119 (fIG. 2b) . By contrast, in D. melanogaster s2 cells spindly is required only for the removal of sAC proteins from the kinetochore 114 . In human cells spindly does not seem to contribute to either of these activities 123 . In summary, RZZ and spindly have important roles in recruiting dynein to kinetochores in metazoans. These interactions could be highly cooperative, and quantitative differences in the strengths of these interactions Box 4 | Domain structure of Bicaudal D Bicaudal D is composed largely of three coiled coil domains that mediate self-association and also possibly an intramolecular interaction (see the figure) 104, 105, 159, 160 . Multimerization of Bicaudal D could facilitate the assembly of multimotor dynein transport complexes, as it interacts with dynein, dynactin and at least two cargo-specific dynein receptors. The amino-terminal coiled coil of Bicaudal D binds the cytoplasmic dynein complex (through an undetermined dynein subunit), and the middle and carboxy-terminal coiled coils bind dynactin (through the dynactin p50 subunit) 105 . The C-terminal coiled coil of Bicaudal D binds RAB6 and egalitarian, which, through their interaction with Bicaudal D, function as cargo receptors for dynein in Golgi vesicle transport and in mRNA localization in Drosophila melanogaster, respectively 106, 112 . RAB6 and egalitarian bind directly to dynein light chains, specifically light chain 7 (LC7; also known as roadblock) and LC8, respectively 104, 161 . RAB6 is conserved among metazoans, but egalitarian has been identified only in insects.
might explain species-to-species variation in the effects of their disruption, rather than fundamental differences in mechanism. However, the precise interactions between these outer kinetochore proteins await more direct biochemical dissection and reconstitution.
RZZ might also help to transduce a signal at aligned, bi-oriented chromosomes to initiate dynein-mediated sAC protein transport away from the kinetochore. ZW10 interacts with a phosphorylated epitope on the dynein intermediate chain, which localizes only to un aligned kinetochores 124 A possible role for ZW10 in interphase. Although the function of the RZZ complex is restricted to mitosis, ZW10 seems to have an additional role in the secretory pathway during interphase. ZW10 localizes to the ER as part of a complex with the sNARE (soluble-Nethylmaleimide-sensitive factor accessory protein receptor) protein syntaxin 18, which is involved in trafficking between the ER and the Golgi 125 . RNA interference of ZW10 reduces the amount of dynein associated with the Golgi and specifically reduces the minus end-directed motility of the Golgi, endosomes and lysosomes 125, 126 . These dynein-like loss-of-function phenotypes, combined with the known physical interaction between ZW10 and dynactin, suggest that ZW10 is involved in linking dynein and dynactin to organelles and the kinetochore [125] [126] [127] .
Questions and future directions
In the past decade there have been important advances in understanding intracellular transport by cytoplasmic dynein. The reconstitution of its motility in vitro has allowed great insight into its mechanism, and genetic and biochemical studies have identified some of its cargo-specific receptors. Loss-of function studies have firmly established the essential role of dynein adaptor proteins in a huge range of dynein-mediated processes. However, our understanding of the molecular mechanisms by which these adaptors contribute to dynein activity remains limited. Below, we discuss some of the outstanding fundamental questions regarding the functions of these dynein adaptors, and consider possible strategies towards finding their answers.
Dynein regulators are often referred to as activators because dynein-based motility in cells is repressed in their absence. However, it is possible that dynein requires regulatory proteins to repress its activity instead. several other cytoskeletal motors (for example, kinesin 1, kinesin 2, kinesin 3 and myosin V) are autoinhibited by intramolecular interactions and require external activation for motility 2 . However, purified dynein seems to be fully active for processive movement, suggesting that dynein inhibition, rather than activation, requires additional factors, and that this inactive-to-active transition is a crucial part of dynein-based cargo transport. Although this has not been directly shown, it seems likely that dynein can adopt a repressed conformation in cells. Indeed, when dynein localizes to microtubule plus ends, its motility is inhibited, either through the repression of its ATPase or microtubule binding activities, or through blocking its access to the microtubule. Dynein is present on vesicles undergoing plus end-directed transport; it is therefore possible that kinesins, which move towards the opposite direction on microtubules, might simply overpower dynein, but a more energetically conservative mechanism would be dynein inhibition. Possible dynein repressors are LIs1, NUDE and NUDEL, which are perfectly positioned to control the activity of the dynein motor by interacting with the AAA1 ATPase domain. LIs1-NUDE, LIs1-NUDEL and dynactin are important for the probable inhibited state of dynein at microtubule plus ends and its subsequent activation. Dynactin forms important contacts with dynein cargos and possibly with kinesin motors as well; this could allow dynactin to transmit an activating signal to dynein when bound to cargo and to coordinate dynein and kinesin activity. Much progress has been made in understanding dynein motility in vitro, but it is still unclear what might turn dynein on and off. in vitro reconstitution of dynein with the ubiquitous dynein regulatory proteins (LIs1, NUDE or NUDEL and dynactin) might provide clues to this mechanism.
Another important unanswered question is how dynein links to its cargos. In the simplest model for motor-based transport in the cell, a motor diffuses through the cytoplasm and initiates cargo transport when it encounters the appropriate receptors on its cargos. At least in the case of dynein, the process of initiating cargo transport seems to be more complicated and to involve additional steps. In particular, localization of dynein and dynactin to microtubule plus ends might be an obligatory preliminary step to the initiation of some types of dynein transport. Dynein might use association with polymerizing microtubules to probe the cytoplasm for cargo (such as an organelle or the cell cortex) (fIG. 1) . This mechanism could allow the simultaneous delivery of several motors and adaptors clustered at the microtubule tip. In addition, the microtubule tip could serve as a hub for the interactions of dynein and its adaptors with the many signalling molecules that are present at the plus ends of microtubules. The sequence of interactions that lead to the association of dynein with the microtubule plus end and to its eventual release and transfer to cargo is not well understood; a more precise determination of this sequence would allow a better understanding of its contribution to dynein function in the cell.
Dynein cargo binding also seems to proceed through a regulated series of interactions, perhaps reflecting a proofreading mechanism that functions to dock dynein only at specified locations. In particular, several small GTPases and their regulators interact with dynactin and Bicaudal D to facilitate dynein recruitment at specific cargos. Individual small GTPase family members act at specific subcellular compartments (for example, late endosomes or trans-Golgi vesicles), and their GTPase state and thus conformation is linked to the life cycle and direction of trafficking of these compartments. Through their nucleotide-sensitive contacts with dynein adaptors, small GTPases could provide a highly specific link between membrane vesicles and dynein. subsequent interaction of dynactin with the spectrin coat that is found on many organelles could then provide a more stable platform for dynein transport.
What strategies might best advance our understanding of how dynein functions with its regulatory proteins? Genetic methods have contributed greatly to the identification of the general dynein adaptors and specific dynein cargo receptors; however, our inventory is almost certainly incomplete. Relative to the wide array of cargos that dynein transports, only a few cargo-specific receptors for dynein have been identified and it is likely that many more dynein receptors remain to be disco vered. Recent innovation in high-throughput microscopy and image analysis could facilitate the visual screens that could identify the unknown dynein receptors and regulatory factors coupling dynein to its cargos.
Although specific receptors for dynein have not been identified for most of its cargos, a better understanding of how the known dynein regulators work is an important and feasible goal. One possible path towards defining the molecular function of dynein regulators is through in vitro reconstitution. Although dynactin was discovered through such an approach 23, 24 , few studies have focused on reconstituting dynein-based transport. The few dynein cargos for which receptors and their contacts with dynein and its general adaptors are known (for example, mRNA particles with Egalitarian and Bicaudal D) could provide a feasible starting point for the reconstitution of dynein cargo transport. In such a system, dynein and its adaptors could be mutated, their levels manipulated or components added sequentially, and their single molecule behaviour observed. such information would provide insight into the dynamic assembly of these complexes and the specific mechanistic contribution of each factor.
Within cells, recently developed high spatial precision fluorescence methods [128] [129] [130] [131] could help to define the composition and architecture of dynein motor supercomplexes and detect remodelling of this architecture during different stages of transport. Finally, a structural understanding of dynein and its cofactors with the resolution provided by electron microscopy or crystallography, although a challenging goal owing to the large sizes of these complexes, would provide important insight into the molecular mechanism by which they function.
